Background: Chronic hepatitis C virus (HCV) infection increases the risk of type 2 diabetes and hepatic steatosis. Results: Phosphoenolpyruvate carboxykinase (PEPCK) and associated transcription factors are up-regulated in HCV-infected Huh.8 cells.
3). HCV infection is strongly associated with nonalcoholic fatty liver disease and the development of diabetes (4 -6) . Mounting evidence suggests that HCV-associated insulin resistance may be an underlying cause of hepatic steatosis and progression to diabetes (7) . Steatosis and impaired insulin receptor substrate 1 (IRS-1)/PI3K response have been observed in the liver of patients infected with HCV (8) . However, the underlying mechanisms for HCV-induced diabetes remain to be fully defined.
Initially, the HCV core was implicated in the pathogenesis of steatosis (9, 10) and insulin resistance in patients with HCV infection (11) ; however, recent studies suggest that nonstructural component 5A (NS5A) represents a candidate protein that could contribute to the pathogenesis of lipid formation (12) and by extension insulin resistance. Whereas a role for NS5A in HCV-induced steatosis has been suggested, its role in the regulation of genes involved in hepatic glucose metabolism, particularly the rate-limiting gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK), remains unclear. Among the complex network of transcription factors and cofactors that contribute to gluconeogenic gene expression, forkhead box O1 (FOXO1), cAMP response element-binding protein (CREB), CCAAT/enhancer-binding proteins (C/EBP) ␣ and ␤, and peroxisome proliferator-activated receptor ␥ coactivator-1␣ (PGC-1␣) are particularly important effectors of the cAMP pathway. The prevailing model is that induction of gluconeogenic genes by glucagon or cAMP is mediated by phosphorylation of CREB, which must interact with C/EBP␤ and other factors bound to an upstream accessory enhancer to stimulate gene transcription. Furthermore, CREB induces PGC-1␣ and via its interaction with hepatocyte nuclear factor 4␣, plays a crucial role in PEPCK and glucose-6-phosphatase (G-6-Pase) transcriptional regulation (13) . Insulin inhibits gluconeogenesis in part through nuclear exclusion of the phosphorylated form of FOXO1 (14, 15) and by decreasing its interaction with PGC-1␣ (16) .
In addition to gluconeogenesis, previous data demonstrate that C/EBP␤ may play a critical role in steatosis, lipid synthesis, inflammation, and possibly ER stress in mice (17) (18) (19) . The contribution of C/EBP␤ to activation of the gluconeogenic and lipogenic program in HCV cells has thus far not been addressed experimentally. In the present study, we provide novel information that HCV-replicating cells, in the absence of inflammatory cytokines, dramatically activate PEPCK gene expression and genes coding for lipid uptake and the de novo pathway for lipogenesis. This is accompanied by inhibition of insulin signaling and increased lipid accumulation, all important characteristics underlying the progression to nonalcoholic fatty liver disease. Our results reveal that both NS5A and C/EBP␤ knockdown separately suppress several key genes important for gluconeogenesis and de novo lipogenesis, indicating that C/EBP␤, in addition to NS5A, may control genes critical for the progression to diabetes in HCV-infected cells.
EXPERIMENTAL PROCEDURES
Cell Lines and Culture Conditions-Rice and co-workers (20) developed an elegant in vitro cell culture-based system using subgenomic replicons of HCV. The HCV subgenomic replicon in Huh.8 cells is replication-competent, because it is able to synthesize minus-strand HCV RNA that serves as substrate for copying more plus strand genomic RNA (see Fig. 1 ). The generation and maintenance of wild type and stably infected Huh7 cells with HCV subgenomic replicon (Huh.8) has been described (20) . Ava.1 cells contain a 47-amino acid deletion in the NS5A gene within the zinc-binding domain, designed to limit transcriptional activation (21) . Huh7 cells were cultured in complete DMEM (4.5 g/L glucose) supplemented with 10% FBS. Huh.8 and Ava.1 cells were maintained in complete DMEM supplemented with 10% heat-inactivated FBS, nonessential amino acids, and 1 mg/ml G418. Primary hepatocytes were prepared using standardized methods described previously (22) . All of the cells were maintained at 37°C in 5% CO 2 .
Recombinant Adenoviruses and Plasmids-The NS5A adenovirus (Ad-NS5A) (23) has been described previously. The dominant-negative CREB adenovirus (Ad-ACREB) was constructed using ACREB cDNA provided by Dr. Charles Vinson (National Cancer Institute). The construction of Ϫ490-bp PEPCK promoter-LUC (PEPCK-LUC) and glucocorticoid response element (GRE) mutant PEPCK-LUC construct (Ϫ430-LUC mutant) have been described previously (24, 25) . Oligonucleotide 5Ј-AGGCCGGCCTTAGTTACCCGAGGC-GAGC-3Ј was used to mutate the cAMP response element (CRE) site in PEPCK-LUC to create construct CRE mutant. The control plasmid pGL3-LUC was from Promega (Madison, WI). Luciferase activity was quantitated as previously described (23) . C/EBP␤ and nontargeting shRNA adenoviruses have been described (18) .
Western Blot Analysis-Huh7 and Huh.8 cells were grown to 70% confluence. The cells were serum-starved for 3 h in DMEM and subsequently stimulated with 100 nM insulin for 10 min. The cells were washed with PBS and pelleted at 200 ϫ g for 5 min. Cell pellets were resuspended in lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 2.5 mM sodium pyrophosphate, 20 mM ␤-glycerophosphate, 10% glycerol plus protease and phosphatase inhibitors), rocked at 4°C for 30 min, and spun at 16,000 ϫ g for 5 min to pellet insoluble material. Nuclear proteins from liver cells were prepared as described (23) . Immunoblot assays were performed using 50 g of total or nuclear protein or cytoplasmic extract as previously described (17) for the following antibodies: phospho-Akt (Ser-473), phospho-CREB (Ser-133), insulin receptor ␤ (IR-␤, Tyr-1146), Akt, tubulin, phospho-FOXO1 (Ser-256), FOXO1, and Bcl-2 (Cell Signaling Technology, Danvers, MA); IR-␤, IRS-1, CREB, and C/EBP␤ (Santa Cruz Biotechnology, Santa Cruz, CA); NS5A and TATA binding protein (Abcam, Cambridge, MA); and phospho-IRS-1 (Ser-307) for detection of IRS-1 (Ser-312) in humans from Millipore (Billerica, MA).
RNA Isolation and Quantitative Real Time PCR-Total RNA extraction, cDNA synthesis, and quantitative real time PCR (qPCR) were performed as previously described (26) . RNA expression data were normalized to levels of reference gene ribosomal protein L13A or ubiquitin C using the comparative threshold cycle method.
Nile Red Staining-Huh7, Huh.8, and Ava.1 cells were seeded at a density of 5 ϫ 10 4 cells/well. The cells were collected by trypsinization, washed in PBS, pooled with free floating cells collected from the culture medium, and fixed in 4% formalde-hyde, freshly prepared from paraformaldehyde, in 0.1 M potassium phosphate, pH 7.2. The cells were stained with 1 mg/ml of Nile Red and viewed on a Nikon Optiphot-II epifluorescence microscope equipped with a Cool Snap Pro camera and quantified with Image Pro Plus software.
Triglyceride Analysis-Huh7 and Huh.8 cells were infected with 50 pfu/cell shRNA adenoviruses for 48 h. The lipids were extracted by butanol lipid extraction as described previously (27) . Triglycerides (TGs) were quantified by detecting free glycerol after lipase treatment using TG reagent per manufacturer's directions (Sigma-Aldrich).
Glucose Output Assay-HepG2 cells were infected with Ad-GFP or Ad-NS5A for 48 h. The medium was replaced with serum-free medium overnight, and then glucose-and phenol red-free medium supplemented with 2 mM sodium pyruvate and 20 mM sodium lactate was added to the cells. The cells were 80 -100% confluent. Medium samples were collected at 2, 4, and 6 h. After 6 h, the cells were washed with PBS and lysed for protein estimation. Glucose production was measured in medium samples with a glucose assay kit (Sigma).
Measurement of Exocytosis, Imaging, and Analysis-The rate of exocytosis was assessed by real time imaging using fluorescent probe FM1-43 (Invitrogen) as described (28) . Upon the addition of FM1-43 to the external solution, the probe partitions into the plasma membrane exposed to the external solution. When vesicles fuse with the plasma membrane, FM1-43 equilibrates with the new membrane, resulting in an increase in the apparent fluorescence. Therefore, the overall change in cellular FM1-43 fluorescence provides a measure of the sum of all exocytotic events.
Statistical Analysis-The data are expressed as the means Ϯ S.E. and were analyzed statistically by using one-way analysis of variance or Student's t test. A p value of Ͻ 0.05 was determined to be statistically significant.
RESULTS
Outline of the HCV Genome with Structural and Nonstructural Components-The Huh.8 cell line contains the HCV subgenomic replicon expressing nonstructural components (NS2, NS3, NS4A, NS4B, NS5A, and NS5B), whereas the Huh7/ HCVrep1bBB1 Ava.1 cells contain a 47-amino acid deletion in the NS5A gene within the zinc-binding domain, designed to limit transcriptional activation ( Fig. 1) (21) .
HCV Protein Expression Increases PEPCK Gene Transcription and Glucose Production-Because HCV infection alters glucose metabolism, we investigated the effect of HCV expression on PEPCK, a key regulator of gluconeogenesis. The majority of the control units necessary for tissue-specific and hormonal regulation of the hepatic PEPCK promoter are contained within the first Ϫ490 bp of the promoter (29) . To observe the effect of HCV on PEPCK gene expression, we transfected the Ϫ490 bp PEPCK promoter-LUC construct (PEPCK-LUC) into Huh7, Huh.8, and Ava.1 cells, and luciferase activity was measured ( Fig. 2A) . The luciferase activity corrected for transfection efficiency was substantially higher in HCV-replicating Huh.8 cells versus nonreplicating Ava.1 cells with a mutant form of NS5A (ϳ20-fold). Using just the Ad-NS5A protein, we infected Huh7 cells and isolated primary rat hepatocytes. The results showed a robust ϳ3-fold increase in endogenous PEPCK mRNA by qPCR, whereas no changes were seen with Ad-GFP (Fig. 2, B and C) . These results demonstrate that although NS5A alone can induce PEPCK expression, mutating NS5A substantially reduces, but does not normalize, PEPCK gene expression in the context of HCV-replicating cells, suggesting that other viral components participate in the full activation process. To evaluate whether increased PEPCK was correlated with gluconeogenesis, HepG2 cells were infected with Ad-NS5A (Fig. 2D) , and cellular glucose production was measured. First, PEPCK gene expression was analyzed, and NS5A-infected cells showed a 1.5-fold increase in endogenous PEPCK mRNA compared with Ad-GFP-infected cells (Fig. 2E ). Importantly, Ad-NS5A cells demonstrated higher glucose production (p ϭ 0.054; Fig. 2F ). This was also associated with an increase in pCREB (Ser-133), with no change in CREB levels (Fig. 2G) .
The higher PEPCK mRNA levels and increased pCREB in HCV-infected cells prompted us to examine the PEPCK promoter further. It is well established that both the GRE and the CRE are required for full cAMP-mediated expression of the PEPCK gene (13, 29) . Mutant PEPCK-LUC constructs with a mutation in the CRE site (CRE mutant) or deletion of the GRE site (Ϫ430-LUC mutant) were assayed by transient transfection and compared with full-length PEPCK-LUC in HCV-expressing Huh.8 cells (Fig. 3A) . PEPCK transcriptional activity was reduced 75% with the CRE mutant construct, suggesting that factors acting through this site had a major effect on induction of the PEPCK promoter. Deletion of the GRE site also reduced PEPCK promoter activity by 30%, suggesting that cooperation might exist between the GRE and CRE in the promoter, contributing to the increased PEPCK gene transcription in HCVexpressing cells.
Transcription Factor Expression in Huh7 and Huh.8 CellsAmong the complex network of transcription factors and cofactors that regulate PEPCK gene expression, PGC-1␣, FOXO1, CREB, and C/EBP␤ are particularly important (30) . PGC-1␣ does not directly bind to the PEPCK promoter but facilitates transcriptional activity of many factors (31) . This background prompted us to examine their expression pattern in parental Huh7 cells compared with Huh.8 cells. C/EBP␤, FOXO1, and PGC-1␣ mRNA were significantly greater (ϳ2.5-, 5-, and Ͼ 10-fold increases, respectively) in Huh.8 cells compared with Huh7 (Fig. 3B) . The endogenous PEPCK mRNA expression was ϳ2.5-fold higher in nonstimulated Huh.8 cells as expected. Notably, HCV expression did not affect CREB mRNA levels.
Molecular Effects of Insulin on PEPCK and pFOXO1 Expression in NS5A-infected HepG2
Cells-Insulin inhibition of gluconeogenic gene expression is the dominant mechanism for suppressing glucose production; however, the mechanisms of the effects of insulin on hepatic glucose metabolism with HCV infection are only recently becoming delineated. The balance between insulin suppression of glucose production and viralinduced activation of PEPCK is in favor of increased glucose production (32) . As shown in Fig. 4A , insulin suppressed both PEPCK and G-6-Pase significantly in Ad-GFP-treated cells. In NS5A-infected cells, PEPCK and G-6-Pase expression were significantly increased compared with Ad-GFP-treated cells, and insulin significantly suppressed PEPCK and G-6-Pase mRNA relative to Ad-NS5A-treated cells. However, PEPCK expression in Ad-NS5A-treated cells remained significantly increased relative to insulin-treated Ad-GFP cells, whereas G-6-Pase expression trended toward a similar increase (p ϭ 0.09). The effect of insulin on FOXO1 distribution in the nucleus and cytoplasm in control and NS5A protein-expressing HepG2 cells was determined in a cell fractionation study. Unlike the mRNA expression levels, the levels of nuclear FOXO1 (total) protein were similar in both the control and Ad-NS5A-infected cells. With insulin treatment, however, insulin reduced nuclear FOXO1 in the control cells, but in Ad-NS5A cells, the majority of pFOXO1 (Ser-256) was nuclear under both control and insulin treatment (Fig. 4B) . These results suggest that total nuclear FOXO1 protein was not increased in NS5A cells, and although insulin increased the phosphorylated form of FOXO1 at Ser-256 in both the nuclear and cytosolic fractions, the nuclear FOXO1 remained the same in NS5A-expressing cells treated with insulin.
Impaired Proximal Insulin Signaling in Huh.8 Cells-To further assess the cell signaling pathways responsible for insulin resistance in HCV-replicating cells, insulin-stimulated responses were examined in Huh7 and Huh.8 cells, as described under "Experimental Procedures." Insulin-stimulated phosphorylation of IR-␤ (Tyr-1146) and phosphorylation of Akt at Ser-473 were significantly reduced by ϳ50% in Huh.8 cells compared with Huh7 cells (Fig. 5A) . No changes in the levels of total protein were observed with insulin treatment. Increased phosphorylation of IRS-1 (Ser-312) is an important mechanism for attenuating insulin signaling (33, 34) . We observed a significant 2-fold increase in basal IRS-1 serine phosphorylation, suggesting that it may contribute to reduced Akt stimulation in HCV-expressing Huh.8 cells.
Defective Mobilization of Insulin-dependent Exocytotic Vesicles in Cells Containing HCV Subgenome Replicons-To further assess the effects of insulin, we evaluated insulin-dependent vesicular exocytosis. In liver cells, the response to insulin involves mobilization of a pool of vesicles to the plasma membrane through a PI3K-dependent pathway (28) . These vesicles are sufficient in number to replace 20 -30% of plasma membrane area within minutes. To evaluate whether HCV and NS5A expression has an effect on insulin-dependent exocytosis, membrane turnover was assessed in single cells using FM1-43 fluorescent dye. Because the fluorescence intensity of FM1-43 increases 350-fold with binding to biological membranes (without crossing lipid bilayers), insertion of new membrane from exocytotic vesicles is associated with a proportional increase in cellular fluorescence. In all cells, there was a gradual increase in fluorescence over time, indicating that constitutive exocytosis is sufficient to replace ϳ1% of the plasma membrane every minute. Exposure to insulin in control Huh7 cells was associated with a 4-fold increase (p Ͻ 0.05) in the plasma membrane fluorescence (Fig. 5B) . However, this response was completely suppressed in HCV subgenomic replicon-expressing Huh.8 cells, where insulin failed to increase the rate of exocytosis above constitutive levels. Thus, rapid changes in membrane composition in the presence of insulin were absent in (n ϭ 3) . B, equal amounts of nuclear/cytoplasmic (Cyto) extracts were collected from the similar treatment and subjected to Western blot analysis with pFOXO1 (Ser-256), total FOXO1, and TATA binding protein (TBP) or tubulin as a loading control. The representative blot is a composite of a larger blot in which all the samples were run simultaneously together, and the composite was made by splicing complete lanes together for presentation purposes. Quantification by densitometry was expressed as ratio of nuclear pFOXO1 (Ser-256) to total FOXO1 and nuclear to cytoplasmic total FOXO1. The values are presented as the means Ϯ S.E. (n ϭ 3). #, p Ͻ 0.05 versus Ad-NS5A control; *, p Ͻ 0.05 versus Ad-GFP control.
HCV-replicating cells. Ava.1 cells also showed a blunted metabolic response to insulin. These findings further support the hypothesis that HCV replication and the NS5A protein causes insulin resistance in the proximal insulin signaling cascade affecting multiple pathways in these cells.
Involvement of CREB Function in HCV-expressing Cells-It is widely acknowledged that the cAMP signaling pathway leads to phosphorylation of CREB protein, resulting in recruitment of the coactivator CREB-binding protein p300 and subsequent activation of PEPCK and gluconeogenesis (13) . Phosphorylation of CREB at Ser-133 is known to be critical for activation of CREB and binding to the PEPCK promoter, contributing to increased gluconeogenesis (13, 35, 36) . To corroborate the PEPCK promoter activity data involving the CRE site in Huh.8 cells, total CREB and pCREB (Ser-133) were measured in Huh7, Huh.8, and Ava.1 cells (Fig. 6A) . Although the expression of endogenous CREB protein was unchanged in all three cell lines, pCREB was increased in HCV-replicating Huh.8 cells. The mutant Ava.1 cell line lacking 47 amino acids in NS5A showed no pCREB activation, suggesting a role for full-length NS5A in the activation process.
To further confirm a role for CREB in induction of the PEPCK promoter in Huh.8 cells, we examined PEPCK promoter activity after infection of the cells with a dominant-negative CREB adenovirus (Ad-ACREB) or control virus (Ad-GFP). The functional effectiveness of inhibiting CREB was verified in Huh.8 cells by a 70% reduction in CREB target gene Bcl-2 protein expression (data not shown). Ad-ACREB significantly reduced PEPCK promoter activity in Huh.8 cells by ϳ45% (Fig. 6B) . These results suggest that pCREB is an important component, but not necessarily the only activator involved in PEPCK gene expression in HCV-replicating cells.
Role of C/EBP␤ in Gluconeogenic Gene Expression in Huh.8 Cells-In addition to pCREB, the transcription factor C/EBP␤ also plays an important role in PEPCK gene transcription and gluconeogenesis in liver through the CRE element (37, 38) . Liver expresses two forms of C/EBP␤: LAP (liver-enriched transcriptional activator protein) and a dominant-negative form, LIP (liver-enriched transcriptional inhibitory protein). Huh.8 cells expressed a 3-fold increase in LAP and LIP isoforms (Fig. 6C) . To determine whether increased C/EBP␤ regulates PEPCK expression in HCV-expressing cells, we infected Huh7 and Huh.8 cells with C/EBP␤ or nontargeting shRNA adenoviruses. C/EBP␤ knockdown significantly reduced PEPCK expression in Huh.8 cells (Fig. 6, D and E) . Notably, PEPCK was normalized in Huh.8 cells treated with C/EBP␤ shRNA without altering levels of CREB, FOXO1, or PGC-1␣ gene expression.
Increased Intracellular Lipids in HCV Replicons-To evaluate whether the components for HCV-induced insulin resistance were paralleled by alterations in cellular fatty acid accumulation, intracellular lipids were assessed by Nile Red staining (Fig. 7) . The HCV subgenome replication virus was associated with a 2.5-fold increase in relative fluorescence in Huh.8 cells compared with parental Huh7 cells, indicating an increase in intracellular lipids. The Ava.1 NS5A mutant cells showed significantly lower lipid content compared with Huh.8 cells, suggesting that expression of intact NS5A contributes to excess lipid accumulation.
Comparison of Lipogenic Gene Expression in Huh7 and Huh.8 Cells with C/EBP␤ Knockdown-Liver TG accumulation and inflammation are pivotal metabolic hallmarks in the natural history of HCV infection, which are at least in part controlled by peroxisome proliferator-activated receptors (PPARs) and the key transcription factor sterol regulatory element-binding protein-1c (SREBP-1c) (39) . We previously showed that C/EBP␤ deletion prevented fatty liver and down-regulated genes that regulate hepatic lipogenesis and TG metabolism in genetically obese db/db mice and in a dietary-induced fatty liver model (17, 18) . Thus, we assessed key genes involved in the lipogenic pathway in Huh7 and Huh.8 cells and whether C/EBP␤ RNAi knockdown affected expression of these genes. Huh.8 cells showed a significant reduction in PPAR␥ together with increased PPAR␣ expression compared with Huh7 cells (Fig.  8A) . However, SREBP-1c was significantly increased in Huh.8 cells along with steroyl-CoA desaturase 1, an enzyme induced by SREBP-1c that catalyzes the synthesis of mono-unsaturated fatty acids (40) . The gene for acyl CoA diacylglycerol acyltransferase 1 (DGAT1), a key enzyme that catalyzes the final step of fatty acid synthesis and is involved in fatty liver development (41), was unchanged. Liver X receptor ␣ (LXR␣), a nuclear receptor that interacts with PPARs and is involved in hepatic fatty acid synthesis, and steatosis (42), was unchanged in Huh.8 compared with Huh7 cells. The mRNA levels of the fatty acid transporter CD36 were significantly increased by 4-fold in Huh.8 cells, suggesting an increased capacity perhaps for fatty acid uptake in Huh.8 cells. Importantly, C/EBP␤ knockdown in Huh.8 cells had a powerful effect to significantly suppress mRNA for PPAR␥, PPAR␣, SREBP-1c, DGAT1, and LXR␣ (Fig.  8B) . However, as shown in Fig. 8C , C/EBP␤ knockdown in Huh.8 cells did not significantly affect TG accumulation in Huh.8 cells.
We also investigated fatty acid oxidation gene expression and mitochondrial transcription factors in Huh7 and Huh.8 cells. Consistent with the increase in PPAR␣ and the mitochondrial activator PGC-1␣ (Fig. 3) , ACOX1, CPT1a, TFAM, and NRF-1 were all significantly increased in the Huh.8 cells, suggesting that reduced fatty acid oxidation is unlikely to contribute to accumulation of lipid in these cells (Fig. 8D) . Apolipoprotein B, the main structural component of atherogenic lipid particles obligatory for the secretion of VLDL from the liver (43), was also increased in Huh.8 cells and was significantly reduced after C/EBP␤ knockdown in both cell lines.
DISCUSSION
Epidemiological data in humans indicate that HCV infection is a strong risk for development of insulin resistance, and ultimately, overt type 2 diabetes (7). In transgenic mice expressing the HCV core gene, 100% of the mice develop hepatic insulin resistance and overt diabetes within 8 weeks, associated with an increase in TNF␣ in the liver (44) . Our findings demonstrate that transcription of one of the first committed steps in gluconeogenesis, PEPCK and associated transcription factors, is dramatically up-regulated in Huh.8 cells, which stably express an HCV subgenome replicon, in the absence of inflammatory signals. HCV induced an increase in activation of the major gluconeogenic transcription factors pCREB (Ser-133), C/EBP␤, FOXO1, and PGC-1␣. Maximal induction of PEPCK involved activation of the CRE in the PEPCK promoter, whereas infection with recombinant adenovirus encoding dominant-negative CREB or C/EBP␤ RNAi in Huh.8 cells significantly reduced or normalized PEPCK expression, with no change in PGC-1␣ or FOXO1 levels. In addition, we demonstrate for the first time that NS5A strongly supported PEPCK gene expression and increased hepatic glucose production in HepG2 cells, whereas in Ava.1 cells with a mutation in NS5A, PEPCK expression was significantly reduced. Interestingly, although mRNA for FOXO1 was dramatically up-regulated in Huh.8 cells, neither FOXO1 protein nor the phosphorylation of FOXO1 at Ser-256 was increased in NS5A-expressing cells. Under basal conditions, Ad-NS5A infection did not change the total amount of nuclear FOXO1 but appears to increase (but not significantly) the amount of nuclear pFOXO1. With insulin, as expected, the total amount of nuclear FOXO1 is significantly reduced in control cells and appears to do the same in Ad-NS5A cells; however, nuclear pFOXO1, as a fraction of total FOXO1, is significantly greater in Ad-NS5A cells. We speculate that increased FOXO1 phosphorylation and nuclear localization in Ad-NS5A cells may be caused by a number of factors, such as decreased degradation of FOXO1 or decreased activity of the phosphatase responsible for dephosphorylation. Indeed, nuclear JNK phosphorylation is increased in HCV-infected cells (23) . JNK is known to phosphorylate the 14-3-3 protein and FOXO1 at sites that prevent 14-3-3 protein binding and subsequent nuclear exportation and degradation (45) . This is also consistent with the increase in the nuclear:cytostol ratio of FOXO1 seen by Deng et al. (46) .
The identification of the CRE-driven gluconeogenic gene expression suggests that NS5A may play an important role in PEPCK gene expression, possibly through modulating C/EBP␤ and pCREB to control gluconeogenesis. The mechanism(s) whereby NS5A activates PEPCK transcription are potentially many; however, based on our results showing the CRE is required for stimulation of PEPCK and activation of CREB, C/EBP␤, and PGC-1␣ (all cAMP-stimulated genes), it seems likely that NS5A plays an important role in activating the cAMP pathway.
Insulin signaling is also critical for suppressing transcription from the PEPCK promoter and gluconeogenesis (47) . Indeed, the incomplete effectiveness of insulin action, caused by insulin resistance, contributes to hepatic glucose production and hyperglycemia (48) . We found that NS5A stimulates increased glucose production, as well as activating pCREB and PEPCK expression, and that insulin is unable to suppress PEPCK in NS5A-infected cells. The current model of metabolic insulin resistance involves activation of serine-threonine kinase cascades (including JNK, shown previously (23) ) that down-regulate IRS-1-associated PI3K activity and Akt phosphorylation, leading to increased lipogenesis and gluconeogenesis, respectively (47). Our results demonstrate that HCV significantly reduced activation of Akt signaling in Huh.8 cells and a sub- stantial loss of insulin action to stimulate cell membrane sorting in both Huh.8 and Ava.1 cells, which is a PI3K-dependent process. This was associated with reduced insulin receptor activation, reduced IR-␤ expression, and increased serine phosphorylation of IRS-1 in Huh.8 cells, which has been reported previously (49) .
Increased IRS-1 serine activation is consistent with our previous results showing that JNK phosphorylation is increased in HCV-expressing cells (23) . Increased IRS-1 serine phosphorylation has been shown to interfere with both tyrosine phosphorylation of IRS-1 (50) and the association between IRS-1 and p85␣ subunit of PI3K necessary for full Akt activation (51) . Whether this is due to the increase in phosphorylation of IRS-1 (Ser-312) or a combination of serine sites in IRS-1 is not proven here. Our data on FOXO1 responses to insulin demonstrate a limited response in HepG2 cells. These cells did respond metabolically to insulin to suppress glucose output, despite blunted insulin signaling; however, the net glucose output is still higher than in control cells. Our results suggest that FOXO1 levels are normal in cells infected with Ad-NS5A, but the inability of insulin to drive pFOXO1 from the nucleus suggests this may be an important mechanism, along with an increase in C/EBP␤ and pCREB activation for HCV-induced PEPCK gene expression, in the absence of inflammatory factors.
HCV-expressing cells accumulated excess lipids, which may additionally play a role in the insulin resistance phenotype of these cells. Lipid infusions and high fat diets can induce insulin resistance and the impairment of insulin signaling (35) in a similar manner to our results presented herein. Interestingly, mutant NS5A reduced, but did not normalize, lipid accumulation in the context of HCV-replicating cells, suggesting other components participate in the process. HCV core proteins increase hepatic lipid accumulation via the activation of PPAR␥ and SREBP-1c (52) and also NS5A may exploit multiple strate- gies that enhance PPAR␥-induced lipid accumulation (53) . Our study showed a high lipid content in Huh.8 cells despite low PPAR␥ and increased PPAR␣ expression. There is a similar report supporting our result with genotype 3 HCV infection (54) . On the other hand, HCV increased expression of the key gene coding for the lipogenic transcription factor SREBP-1c and the fatty acid transport protein CD36, whereas LXR␣ (a transcriptional activator of SREBP-1c promoter) was not different, indicating a selective transcriptional regulation of lipid uptake and cholesterol synthesis as suggested previously (52, 55, 56) . Interestingly, PPAR␥ was decreased quite significantly. However, this is consistent with a recent human study in which the intrahepatic level of PPAR␥ mRNA was significantly decreased in the presence of steatosis and HCV, as compared with livers without steatosis (54) . When the patients were divided according to HCV genotype, PPAR␥ mRNA was reduced only in steatotic livers from patients infected with genotype 1 and not in those with genotype 3. PPAR␥ mRNA levels were invariably low, and this was independent of the presence or absence of steatosis (54) . Because Huh.8 cells contain genotype 1a, our results correspond with this published data.
Huh.8 cells showed significant lipid accumulation, despite clear suppression of C/EBP␤, PPAR␥, SREBP1c, and LXR␣, and increased mitochondrial genes ACOX, TFAM, and Cpt1a for fatty acid oxidation. Unlike gluconeogenesis, the relative roles of various factors in the accumulation of lipid are difficult to estimate, but the net result was steatotic hepatocytes. HCV is known to inhibit lipoprotein export while increasing lipid uptake and VLDL biosynthesis (39) . Currently, it is believed that HCV co-opts the VLDL assembly, maturation, degradation, and secretory machinery of the hepatocyte (reviewed in Ref. 57 ) to its advantage, but the finer details of this interaction are currently unclear (58) . Our results show that ApoB mRNA is elevated in the Huh.8 cells and remains higher after C/EBP␤ knockdown. This reinforces, albeit indirectly, that increased ApoB-VLDL assembly and/or decreased secretion may be an important part of the mechanism for increased HCV-induced steatosis. Likewise, HCV may also negatively regulate transcription of genes for mitochondrial fatty acid oxidation (57) that may contribute to retention of TGs in Huh.8 cells with C/EBP␤ knockdown.
In summary, these studies demonstrate that increased PEPCK expression in HCV-replicating cells may be due to a combination of mechanisms that include loss of insulin signaling, increased CREB phosphorylation by NS5A, and an overall synergistic activation by modification of factors binding to the CRE, as well as the GRE sites on the PEPCK promoter. The data presented here clearly show that the cAMP-driven pathways via C/EBP␤ and pCREB are highly active in HCV, but that NS5A is an important viral component in PEPCK gene expression and lipid retention in HCV-replicating cells. The retention of insulin resistance in Ava.1 cells suggests that viral particles in addition to NS5A may contribute to the mechanism(s) for HCV-induced insulin resistance associated with HCV infection. Given that PEPCK has a central role in regulation of gluconeogenesis and the progression to diabetes, these observations suggest further defining the cellular mechanisms responsible for insulin resistance and gluconeogenic gene expression by NS5A, and C/EBP␤ represents an important new focus for understanding a cellular basis for the metabolic complications during HCV infection that may lead to improved clinical outcomes.
